The effect of electric current on morphology and orientation selection of non-metallic inclusions in molten metal has been investigated using theoretical modeling and numerical calculation. Two geometric factors, namely the circularity (f c ) and alignment ratio (f e ) were introduced to describe the inclusions shape and configuration. Electric current free energy was calculated and the values were used to determine the thermodynamic preference between different microstructures. Electric current promotes the development of inclusion along the current direction by either expatiating directional growth or enhancing directional agglomeration. Reconfiguration of the inclusions to reduce the system electric resistance drives the phenomena. The morphology and orientation selection follow the routine to reduce electric free energy. The numerical results are in agreement with our experimental observations.
I. INTRODUCTION
INCLUSION management has been a challenging topic in alloys processing for many decades. [1, 2] Cleanliness concerns the volume fraction and size-distribution of non-metallic inclusions resident in the engineering components. [3, 4] Smaller volume fraction and smaller dimension of inclusion are desirable in clean metal fabrication. The morphology, orientation, and configuration of inclusions also affect the microstructure refinement in subsequent thermomechanical processing and mechanical performance in engineering service. [5] Inclusions provide heterogeneous nucleation sites in solidification and recrystallization. [6, 7] The morphology (e.g., the curvature of the tip) of inclusions affects the heterogeneous critical nucleation size. The orientation of the inclusions affects the stress and strain distributions under directional loading. [5, 8] The morphology and orientation of inclusions are determined by the growth of individual inclusions and coalescence between inclusions. Most inclusions are non-metallic oxides which have been formed during extraction, liquid metal processing, and liquid-solid phase transition in the open environments. [9, 10] Some of the inclusions are formed even in a protected environment due to the contaminant of non-metallic components such as O, N, and S elements in the liquid metal. [11] The growth and coalescence are determined by the system thermodynamics and kinetics. [9] A significant amount of works have been done to understand the phenomena in the environmental constrains without electric field. This includes how the growth and coalescences are affected by the temperature, chemical constitution, convection, and other factors. [12] When the materials are subjected to electric field, the thermodynamics and kinetics of the inclusion growth and coalescence between inclusions are associated to the implemented electric field. [13, 14] It has been revealed that the non-metallic spherical inclusions are driven toward the walls of liquid metal by the passing electric current, [15] [16] [17] [18] toward separation in a direction perpendicular to the current direction, and toward agglomeration when the distance between inclusions is within a critical value and inclusions are aligned along the current flow. [19] The arrangement of inclusion in electrified metals can prevent the clogging of nozzles. [20] [21] [22] [23] The present work aims to study the effect of electric current on the morphology and morphological orientation selection of non-metallic inclusions in liquid metal. As a primary study, the thermodynamic stability of inclusions with various geometry and configurations has been investigated in the present work. The morphological evolution of an inclusion can be derived from its thermodynamic stability. The kinetics for interface evolution during crystal growth under electric field has been studied by Klinger and Levin. [24] The modeling of inclusions microstructure and computation of electric current effect in the system are presented in Section II. The numerical calculation and results are presented in Section IIl. Section IV summarizes the research with some conclusions and remarks. 
II. MODELING AND COMPUTATIONAL METHOD
For a system carrying electric current, there are two eigendirections, namely the parallel and perpendicular directions to that of the electric current. For this consideration, we consider a cylindrical shape inclusion with its axis of symmetry along z axis in a Cartesian coordinates. The electric field is along x axis and the transverse direction along y axis. One introduces circularity (f c ) to represent the geometry of cylindrical inclusion by
where A is the cross-section area and P the crosssection pattern perimeter. Circular cross area has larger circularity than that of elliptic one. The fractal surface, [25] e.g., dendrite, has a value of f c approaching zero. The alignment ratio (f e ) is defined as
where I x and I y are moment of inertia to principal axis x and y, respectively. The moment of inertia to a principal axis I is an indicator of mass distribution and is defined as
where m is mass and d is the distance toward the principal axis. In a discrete space I is obtainable by
where i indicates the i-th cell. The closer the mass is distributed toward the axis, the smaller the moment of inertia is. Non-metallic inclusions have higher electrical resistivity than that of the liquid metal matrix. Electric currents change their flow direction when passing through the inclusions. Different inclusion morphologies and orientations lead to different electric current density distributions in the system. The current densityjðrÞ is determined by the local electrical conductivity r r ð Þ and electrical potential gradient r/ r ð Þ via Ohm's law
where r is a point in three-dimensional space. The electric current free energy has been derived from a starting point of the work done by the applied electric field to the drift of electrons of the given microstructure under static conditions. The detailed derivation procedures have been presented by Qin and Bhowmik, [26] but the application of the similar format in discussion of electric current-induced phase transformation can be traced back to decades ago. [27, 28] The general format of electric current free energy corresponding to each configuration is shown in the following equation [26] :
where l is the magnetic permeability of the phase. r and r 0 represent different points in materials. The integration of each point goes throughout the whole system. Numerical computations are conducted using an in-house developed code package to obtain current density distributionjðrÞ and electric current free energy G e . The code is based on a numerical relaxation method and using time iteration to find the numerical solution for electric current density distribution and using direct summation to find the integration value of electric current free energy. [26] The space is discretized into cubic cells, and each cell is occupied by either inclusion or liquid metal. The zero thickness interface assumption is made, and electricity conductivity between cell a and b is
The electrical potential of inclusions (/ i ) and liquid metal (/ m ) obeys Laplace equations
At the inclusion-liquid metal interface, / i and / m satisfy the following boundary conditions:
The electrical potential distribution is calculated via relaxation method of iterating the following equation: Substituting the numerical results of electrical potential distribution into Eq. [5] , the electric current distribution is obtained. Numerically integrating the electric current distribution in space according to Eq. [6] will obtain the electric current free energy. The discrete format of Eq. [6] is as follows [26, 29] :
where V a and V c are the volume of lattice-a and lattice-c, respectively. An inclusion taking different morphologies corresponds to different thermodynamic stabilities. The system free energy differences include the interfacial free energy difference and electric current free energy differences. The chemical free energy is related to the volume fraction of inclusion, and hence is the same for different inclusion morphologies. The interfacial free energy is the product of interface tension and interface area. The former is the same if interface anisotropy is negligible. The interface area is different for different morphologies. The interfacial free energy difference can be calculated straightforwardly. The electric current free energy differences for different inclusion morphologies can be calculated numerically using Eq. [10] .
III. NUMERICAL CALCULATION AND RESULTS
Polygon cylinder with equal height and cross-section area but with different cross-section shapes is used to simulate different inclusion particle configurations. The setup of the system is illustrated schematically in Figure 1 10 2 X À1 m À1 after reference to that of liquid steel and MnS, [15, 17, 18] respectively. The computational logistic domain contains 300 9 120 91 1 lattices with lattice distance 10 À3 m. Each cylindrical inclusion is 3910 À3 m in height and 25910 À3 m 2 in cross area. 20V electrical potential differences are implemented to the computational domain along x (longest) axis. Figure 2 (a) demonstrates the inclusions with different morphologies at their cross section. Their alignment ratios in Figure 2 (a) decrease monotonically from shape (1) to shape (7) . One chooses the electric free energy of shape (7) as the reference state. The relative electric current free energies for all 7 cases listed in Figure 2 (a) are calculated and plotted in Figure 2 (b). The alignment ratio represents the orientation of an inclusion along the electric current direction. Figure 2(b) shows that a shape with smaller alignment ratio has smaller electric current free energy. In another word, electric current promotes an orientation of the inclusion along the current direction and retards the inclusion to the orientation perpendicular to the current direction.
It can be seen from Figure 2 that the electric current free energy increases as the alignment ratio to increase. The increase of alignment ratio is contributed by both the increase in moment of inertia to principal axis x (parallel to electric current) and decrease in moment of inertia to principal axis y (perpendicular to the electric current). In addition, a significant free energy drop is observed from inclusion configuration 5 to 6, which corresponds to the longest principal axis change from the direction perpendicular to electric current to parallel to that. The interface area of polygon cylinder is the sum of two cross-section areas and one lateral area which is the product of height and perimeter of cross section. The simulated shapes are polygon cylinder with equivalent cross section and height. In the simulation case, if the perimeter of cross section keeps the same, the inclusions have same interface area and hence the same interfacial free energy. In the above group, the perimeters of configurations 2, 4, and 5 are the same and with a value of 0.24, while the perimeters of configurations 1, 3, 6, and 7 are the same and with a value of 0.4. It is clear that, even on the condition of same interface free energy, the same trend of electric current free energy change is followed. Figure 3 (a) shows 4 types of inclusion's morphologies with their longest principal axes either perpendicular (ia, i =1, 2, 3, 4) or parallel (ib) to the electric current direction. One has chosen the orientation ib as the thermodynamic reference state and calculated the relative electric current free energy of (ia). In Figure 3(b) , the horizontal axis is the alignment ratio of ib, and the vertical axis is the relative electric current free energy of ia regarding to ib. Figure 3(b) shows that the bigger the alignment ratio the larger the difference of free energy between its different orientations. The all-positive values of free energy change also indicate that the inclusions prefer to be positioned with the longest principal axis along the electric current. Figure 4 (a) shows a group of inclusion's morphologies to evolve toward the reduction of their moment of inertia to principal axis x. The alignment ratios are all large than 1 and the thermodynamic reference state is set as that of in Figure 4 (a5). Figure 4(b) shows the decrease of relative free energy with the decreased alignment ratio. This calculation shows that electric current retards the development of inclusion's morphology in the direction perpendicular to the current direction. Figure 5 (a) presents the change of inclusion's morphology to reduce the moment of inertia to principal axis y from shape (1) to shape (3). The agglomeration of two inclusions along electric current direction is similar to this case. In this group of inclusions, the alignment ratios are smaller than 1 and there is no change of moment of inertia to principal axis x. It can be seen from Figure 5 (b) that the electric current free energy decreases as the alignment ratio increases. It is worth to mention that no interfacial energy change is involved in this set of simulation. The perimeter for those morphologies is 28 mm. This corresponds to circularity 0.4.
The combination of the above simulation results shows that the thermodynamic preferred state of inclusions morphology and orientation is inclusion elongated along electric current, which is in agreement with experiment result. [30] After electric current treatment, the morphology of inclusions are long rods or ellipsoid with longest axis along the direction parallel to the electric current. 
IV. CONCLUSIONS
The effect of electric current on the morphology and orientation selections of non-metallic inclusions has been studied. The numerical calculations reveal that the inclusion morphologies with different circularities and different orientations regarding to the electric current direction possess different thermodynamic stabilities under electric current. Alignment ratio, which measures the ratio between moments of inertia to axes parallel and perpendicular to the current direction, is able to indicate the preferred configuration of non-metallic inclusions in liquid metal. This can be summarized as follows:
An inclusion with higher alignment ratio is with higher electric current free energy. The morphological selection of inclusion under electric current is toward the lower alignment ratio.
An inclusion with same morphology tends to orient toward the electric current direction. Electric current promotes the rotation of an inclusion toward the reduction of its alignment ratio.
Electric current promotes the inclusions to reduce its moments of inertia to electric current axis when the liner dimension along the axis perpendicular to the current direction is unchanged. Electric current also promotes the inclusions to reduce its moments of inertia to axis perpendicular to electric current direction.
